increased partitioning of the growing primer terminus Durham, North Carolina 27710 between the polymerase and 3Ј-5Ј exonuclease active sites in E. coli Klenow Fragment (KF) (Carver et al., 1994). KF polymerase activity is inhibited when DNA misSummary matches or lesions are placed at the n-1, n-2, or n-3 positions (n is the point of new base pair incorporation; Accurate DNA replication is essential for genomic n-1, the double-stranded primer terminus), but full activstability. One mechanism by which high-fidelity DNA ity is recovered at the n-5 position (Miller and Grollman, polymerases maintain replication accuracy involves 1997). In HIV-reverse transcriptase, stalling of the polystalling of the polymerase in response to covalent inmerase reaction is also observed when mismatches are corporation of mismatched base pairs, thereby faplaced in the n-1 to n-3 positions (Johnson, 1993). Inhibivoring subsequent mismatch excision. Some polymertion of activity by mismatches and damaged DNA is ases retain a "short-term memory" of replication 
tion site to the insertion site and pairs with an incoming Results base; covalent incorporation takes place; the newly synthesized base moves into the postinsertion site; the DNA Crystallographic Capture of Mismatches Crystals with mismatches captured at the BF polymerin the duplex binding region translocates by one base pair, releasing a base pair from the n-5 position; the ase active site were obtained either by catalysis in the crystals, using mutagenic reaction conditions, or by conext template base moves into the preinsertion site.
Here we present the first high-resolution structures crystallization of DNA duplexes that contain a mismatch at the primer terminus (Tables 1-3 , the specificity of the enzyme is rewere obtained, positioned at the primer terminus, poised for subsequent extension reactions. Each of these mislaxed, allowing enzymatic incorporation of mismatches. For those mismatches that were captured both by catamatches disrupts the active site of the DNA polymerase in various ways that are the consequence of the specific lytic incorporation and by cocrystallization of preformed duplexes, both structures adopt the same conformation. interactions between the mismatch and the polymerase. Although all 12 DNA heteroduplexes are structurally
In solution, the efficiency of incorporation varies depending on the identity of the mismatch (Kunkel and distinct, we have been able to classify the mismatchinduced disruptions into four broad categories based Bebenek, 2000). DNA replication catalyzed in the BF•DNA crystals also exhibits differential mismatch on the nature of the changes in the active site. Additionally, we have been able to translocate several misincorporation and extension efficiencies: some mismatches are readily incorporated in the presence of matches through the duplex binding region by using successive rounds of DNA replication in the crystal to Mn 2ϩ , while others were captured only by cocrystallization. Once incorporated, the ease of mismatch extension extend the heteroduplex, which provide new insight into the mechanism for misincorporation memory. Together, catalyzed in the crystal parallels that reported for solution studies reported for other, related polymerases. these results provide a firm basis for understanding these early events in polymerase-mediated incorporaPrevious studies have demonstrated that accurate replication of Watson-Crick base pairs is faithfully reprotion or evasion of mutations. is positioned toward the DNA major groove. The minor groove interaction with Gln797 is lost and the template and preinsertion site (template strand), instead of the postinsertion site, and do not pair (i.e., are frayed). strand is displaced by as much as 3.6 Å from the surface of the protein, relative to the cognate binding site. AddiThe structure of each mismatch is distinct (Table 3) Outer shell, Å (Table 3) and causes the T•G structure, the minor groove interaction between the primer base and Arg615 in the postinsertion site is extensive disruptions and movement of both template and primer strands ( Figure 3) . Similar to the G•T mislost, and Arg615 drops to the floor of the polymerase into an apo-like conformation. In addition, some disorder is match, the template strand lifts away from the surface of the protein, the finger domain rearranges to block observed in the position of the deoxyribose ring of the thymine nucleotide, suggesting that the primer terminus the preinsertion site, and the duplex binding region is distorted. At the postinsertion site, the disrupted minor is predominantly displaced, although the normal interaction between the primer 3Ј hydroxyl and Asp830 in the groove contact by Gln797 is replaced with water-mediated interactions to both the N2 and N3 positions of the catalytic site may be retained to some degree. template guanine base. Along the primer strand, the minor groove interaction between Arg615 and the primer Pyrimidine-Pyrimidine Mismatch: T•T, C•T The T•T mismatch was obtained by catalysis in the crysbase is retained. However, the widening of the base pair as well as a change in sugar pucker displaces the 3Ј tal. The mismatch is bound at the postinsertion site. In contrast to the G•T and T•G mismatches, the distortions hydroxyl by 2.6 Å , thereby significantly altering the interaction with Asp830 at the catalytic site, but without in the T•T mismatch are confined primarily to the primer strand, and the protein conformation is undisturbed (Figbreaking it. Not all pur•pur mismatches retain an anti-anti conforures 2 and 3). The T•T mismatch adopts a wobble conformation (shear, Table 3) in which the primer base lifts mation in the polymerase active site. In the G•G mismatch, the primer base of the mismatch rotates 180Њ up into the DNA major groove and the template base rotates slightly toward the minor groove, similar to the with respect to the sugar moiety into a syn conformation while the template base remains in an anti conformation wobble conformation reported in an analogous U•U RNA heteroduplex structure obtained in the absence of (Figure 2 ). This rearrangement, which also has been observed in heteroduplex DNA in the absence of protein protein (Baeyens et al., 1995). The displacement of the primer base is accompanied by a ‫4.1ف‬ Å shift of the (Skelly et al., 1993) , allows the mismatch to form two hydrogen bond interactions and results in a helical width 3Ј hydroxyl, thereby breaking the hydrogen bond that normally exists between the primer 3Ј hydroxyl and that is much closer to a Watson-Crick base pair than is observed in the anti-anti A•G structure (Table 3) . ConseAsp830, thus disrupting assembly of the catalytic site (Figure 3) . quently, disruptions to the active site are more limited than in the A•G structure and are confined to the temThe C•T mismatch is also bound in the postinsertion site. This mismatch does not adopt a wobble conformaplate strand. In this regard, the G•G structure more closely resembles the G•T complex. The template tion, but rather the bases pair directly opposite each strand is displaced and the preinsertion site is blocked, of the catalytic properties of the BF crystals. Extension of a number of mismatches was examined starting with but the position of the primer terminus is undisturbed. cocrystallized mismatch substrates (Table 1) template preinsertion site, similar to the disruptions obprimer terminus is located at the insertion site rather served when the G•T mismatch is positioned at the than the postinsertion site, the catalytic site is comprimer terminus. Consequently, the presence of this mispletely disrupted. Density consistent with a single metal match within the duplex binding region continues to ion is observed at the catalytic site (B); the second catadisrupt to the active site. Positioning of the mismatch lytic metal (A) is not observed. in the n-4 location partially restores the normal DNA The G•A and C•C mismatch structures were obtained structure in the duplex binding region, and a mixture by cocrystallization with a preformed heteroduplex. Alof both a disrupted and an undisrupted active site is though they differ in detail, the disruption of the catalytic observed. Positioning at n-6 fully restores the DNA consite resembles that observed in the A•A structure.
formation at all other sites on the polymerase (the 3Ј primer terminus in this complex has a blunt end, so there Mismatch Extensions is no template base to occupy the preinsertion site). Mismatches diminish but do not block the rate of extension. We therefore have been able to probe the mecha-
C•T Extension nism by which processive replication continues upon
The C•T mismatch was extended in a single round of replication, placing it in the n-2 location of the duplex incorporation of a mismatch by further taking advantage Table 4 (Table 5) . Consequently, the The high-resolution structures of covalently incorporated DNA mismatches at the active site of the BF poly-DNA adopts a normal helical width, but interbase distance in the mismatch is ‫5ف‬ Å , preventing direct contact merase allow us to suggest mechanisms by which replication errors stall a polymerase, enhancing subsequent between the two opposing bases (Figure 5 ). This conformation is stabilized by a bridging water molecule that dissociation and exonucleolytic excision. Such stalling is the consequence of mismatch-induced disruptions forms interbase hydrogen bonds, as well as direct contacts between the DNA phosphate backbone and the of the polymerase active site. We observe four broad categories of mismatch-induced disruptions at the acprotein, stacking with the adjacent base pairs, and a water-mediated minor groove interaction between the tive site. Furthermore, we find that mismatches need not be positioned at the primer terminus to induce these protein and the minor groove base-interactions that ory mechanism) are confined to mechanism 1.
. Data Collection and Refinement Statistics for G•T and C•T Extension Experiments G•T (n-2) G •T (n-3) G •T (n-4) G •T (n-6) C •T (n-2)

Mismatch Extension and the Mechanism Four Broad Categories of Mismatch-Induced Disruptions at the Active Site of Replication Error Memory
Extension of a number of mismatches through the duAlthough each of the 12 mismatches is structurally unique, we find that mismatch-induced disruptions of plex binding region of a polymerase retains a "memory" of the misincorporation event that results in further stallthe polymerization mechanism can be divided into four broad categories ( is a common theme in our polymerase structures (FigFurthermore, dissociation of a mismatch which results in significant disruption of the catalytic Furthermore, given the wide range of conformational site. Conversely, the primer base of the G•G mismatch flexibility and the potential stabilization of any of these switches to the syn conformation, which narrows the states by protein-DNA interactions, there is no a priori width of the base pair and preserves the assembly of expectation that the mismatch DNA structures in comthe catalytic site. plex with the polymerase will be similar to those observed in the absence of protein.
Some mismatch conformations that we have obOutlook The data presented here are expected to form the basis served have not been previously described in a DNA heteroduplex (C•T, T•T, and extensions of C•T and G•T).
for future biochemical and structural studies, molecular
